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Abstract
Anti-phase boundaries (APBs) are structural defects which have been shown to be responsible
for the anomalous magnetic behavior observed in different nanostructures. Understanding
their properties is crucial in order to use them to tune the properties of magnetic materials by
growing APBs in a controlled way since their density strongly depends on the synthesis
method. In this work we investigate their influence on magnetite (Fe3O4) thin films by
considering an atomistic spin model, focussing our study on the role that the exchange
interactions play across the APB interface. We conclude that the main atypical features
reported experimentally in this material are well described by the model we propose here,
confirming the new exchange interactions created in the APB as the responsible for this
deviation from bulk properties.
Keywords: magnetite, thin films, atomistic spin simulations
S Supplementary material for this article is available online
(Some figures may appear in colour only in the online journal)
1. Introduction
Anti-phase boundaries (APBs) are extended defects appearing
in crystalline materials, created by a fractional displacement
of the lattice constant between atomic planes. They have been
observed in many materials such as Co2Fe(Al, Si) Heusler
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of the work, journal citation and DOI.
alloy [1], MnAl [2], GaAs [3] and magnetite (Fe3O4) [4], as
well as in different types of nanostructures, e.g. thin films
[4–6] or nanoparticles [7]. The type and number of APBs
appearing in nanostructures strongly depends on the synthe-
sis method used to grow them. It has been suggested that
APBs may be responsible of the different magnetic properties
observed in samples made of the same material, with the same
nanostructure, but created with different techniques, e.g., the
saturation magnetization in magnetite nanoparticles [7] or the
magnetic anisotropy in magnetite thin films [8–10]. In fact,
recent works on magnetite thin films have added weight to
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this hypothesis, showing that when the nanostructure is grown
achieving a low density of APBs [10, 11] or reducing their
strength by applying an electric field during the synthesis [12],
themagnetic properties not only begin tomatch between all the
samples, but they start to be similar to the bulk case.
To explainwhyAPBs strongly influence themagnetic prop-
erties in a system it is necessary to take into account that the
number of interacting atoms across the APB interface and
their corresponding distances might be modified due to the
structural mismatch. Thus, a new set of exchange interactions
(JAPBi j ) would appear locally in the APB, while the number
of bulk exchange interactions (JBulki j ) might be changed [8].
For the specific case of magnetic oxides, e.g., magnetite, for
which the exchange interactions are mediated via the oxy-
gen atoms, the angle that forms the two interacting magnetic
atoms and the oxygen one might be also modified in the APB,
consequently, the new set of (JAPBi j ) could have both differ-
ent strength or sign than the (JBulki j ). Therefore, if J
APB
i j dom-
inates rather than JBulki j , the system could have a completely
differentmagnetic behaviour. Indeed, considering JAPBi j as anti-
ferromagnetic instead of ferromagnetic has been useful to
explain pinning effects in MnAl thin films [13] or to explain
the magnetization reduction in magnetite nanoparticles [7].
For the specific case of magnetite thin films, which is
most promising materials for the next generation of spintronic
devices due it is half metallic character [14, 15] and high Curie
temperature (TC = 860 K [16]), APBs seem to play a funda-
mental role on the magnetic properties of the system [8, 17].
Firstly, both out of plane anisotropy [8] and fourfold in plane
anisotropy [10] have been observed for different samples. Even
for the case of the fourfold anisotropy, different works report
different easy axes [9, 10] suggesting APBs to be the source of
this discrepancy. Secondly, it has been reported that the mag-
netization is not saturated under the effect of high magnetic
fields of 70 kOe [8], which means that exchange interactions
are most likely to be responsible of this behavior. Furthermore,
a recent work suggested that the strength of APB exchange
interactions is reduced by applying electric fields during the
synthesis process, as a consequence showing saturation fields
of µ0H = 150mT [12] which is similar to bulk results. Finally,
it has been demonstrated that when the samples are grown
with low density of APBs, the number of magnetic domains
observed is smaller than in sampleswith lots of APBs, pointing
to them as a source of magnetic domains [11].
As APBs are atomic-scale defects and their effect overall
comes from the exchange interactions, we decided to study
their influence on the magnetic properties using an atomistic
spin model. Specifically, we use an atomistic spin model to
investigate their influence in magnetite thin films, focussing
on explaining the anomalous saturation magnetization as well
as the reason of why samples with more APBs have more
magnetic domains, leaving the fact of observing differentmag-
netic anisotropies for future work. We first parameterize a
Heisenberg Hamiltonian in order to reproduce the experimen-
tal Curie temperature for a bulk system free of APBs, check-
ing also the suitability of the parameters by calculating the
corresponding exchange stiffness value using analytical and
numericalmethods (via simulating domainwall profiles). Sec-
ondly we introduce APB defects in our system, allowing the
new exchange interactions appearing across the interface to
be free parameters in order to study their influence in terms
of their strength. We first consider how the domain wall pro-
file might be modified with the aim of determining for which
cases the APB exchange is dominant rather than the bulk one.
We then consider the effects of applying a strong magnetic
field in order to investigate how the anomalous saturationmag-
netization behavior occurs. Besides, we study the stability of
magnetic domain walls under thermal fluctuations in the pres-
ence of APBs to determine if an APB defect is a sufficient
condition to have to two different magnetic domains. We find
that the presence of an APB defect prevents the magnetiza-
tion from locally saturating when applying magnetic fields
higher than the corresponding anisotropy field. Therefore, for
samples grown with many APB defects, many regions of the
material exist where the magnetization requires high magnetic
fields to be saturated, explaining the anomalous saturation
magnetization reported experimentally [8]. We also demon-
strate that domain walls are stable under thermal fluctuations
in the presence of APBs, explaining the high number of mag-
netic domains observed in samples with high density of APBs
[11]. Confirming APBs as responsible for the different mag-
netic behaviors observed in magnetite thin films grown with
different methods opens the door of tuning the magnetic prop-
erties of this system by growing samples with APB defects in
a controlled way.
2. Atomistic spin model of magnetite
To model a magnetite thin film with APB defects we use a
Heisenberg spin Hamiltonian, in which eachmagneticmoment













µiB · Si, (1)
where Si is a unit vector describing the direction of the spin
associated to the atom placed at site i, Si,z is its corresponding
projection on the z, Ji j is the exchange interaction between the
spins i and j, ki,u represents an uniaxial energy term for the
atom i, µi is the local atomic spin moment on each Fe site and
B is the externally applied magnetic field.
Considering a cubic anisotropy term instead of an uniax-
ial one might lead to another type of domain wall different
from the traversal one as described in [19] for magnetite thin
films. Therefore, as we wish to focus on the role that the
exchange interactions across the APBs play on the anoma-
lous saturation magnetization field and magnetic domain
densities, we decided for simplicity to consider a uniaxialmag-
netic anisotropy term. The value we use for the anisotropy
constant is ki,u = 3.26× 10−24 J/atom to ensure that we can
fully contain a domain wall in our limited system size as dis-
cussed below. Importantly, the exchange interaction produces
an effective field two orders of magnitude greater that the
anisotropy one, either for an uniaxial or a cubic term. This
occurs even for a high anisotropy value as the one chosen
2
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Table 1. Exchange parameters used to reproduce bulk magnetite TC with their corresponding distances between Fe atoms and
the bond angle formed with the oxygen atoms. Additional set of exchange interactions obtained from ab-initio calculations.
Exchange interaction Energy (10−22 J) Fe–Fe distance (Å) Fe–O–Fe bond angle Energy [22] (10−22 J)
JbulkFeA−O−FeA −6.31 3.6 80
◦ −1.23
JbulkFeB−O−FeB 9.76 2.9 90
◦ 11.36
JbulkFeA−O−FeB −50.7 3.5 125
◦ −52.63
Figure 1. Magnetic configuration of a domain wall for a magnetite
stripe without APB defects at T = 0 K. Red triangles and blue
circles represent the numerical results for the z component of the
magnetization for the tetrahedral and the octahedral sublattices
respectively. The gray line represents the analytical domain wall
profile obtained from the macroscopic anisotropy and exchange
stiffness (mz = tanh((x − x0)π/δDW)).
in this work. Thus, our conclusions, which are based on the
strength of the exchange interactions, will be valid if consid-
ering a more realistic anisotropy model than the one presented
here.
The exchange interactions in magnetite are well known to
be due to superexchange. Thus, their values strongly depend
on the angle formed by the two interacting Fe atoms and
the corresponding mediating O atom. In our model, the oxy-
gen atoms are not simulated explicitly because they are non-
magnetic and the exchange interactions are considered in the
same way as direct exchange with an effective interaction of
the usual Heisenberg form. For bulk magnetite, we fit the first
nearest neighbour interactions in order to exactly reproduce
the experimental Curie temperature, by considering a strong
antiferromagnetic exchange interaction between the tetrahe-
dral (FeA) and octahedral (FeB) sublattices that reproduces the
antiparallel orientation described by Néel [20], an antiferro-
magnetic exchange between tetrahedral Fe atoms and a fer-
romagnetic one between octahedral Fe atoms [21]. The first
nearest neighbours exchange interaction values for bulk mag-
netite obtained in this work are shown in table 1, together with
their corresponding distances and bond angles. They are in a
good agreement with those obtained from ab-initio methods
by Uhl et al in [22], which are also presented in table 1 for
comparison.
Figure 2. Representation of an APB defect in magnetite created by
a displacement a0
√
2/4 on the z direction. Top figure shows the bulk
system free of APB, in the bottom one an APB defect has been
introduced (blue line). X, Y and Z represent the (110), (001) and
(110) orientations respectively. Black and orange spheres represent
the tetrahedral and octahedral Fe atoms respectively, white one are
the oxygen atoms. Yellow and green arrows indicate the new JAB,new
and JBB,new exchange interactions across the interface.
The time evolution of the spins is calculated via integration
of the stochastic Landau–Lifshitz–Gilbert (sLLG) equation





Si × [Bi + λiSi × Bi], (2)
where λ, γ i = 1.76× 1011 T−1 s−1 and µi are the damping
constant, the gyromagnetic ratio and the magnetic moment
associated to the spin Si respectively. Here we assume a van-
ishing orbital magnetic moment giving local moments from
Hund’s rules of µFeA = 5 µB and µFeB = 4.5 µB for tetrahe-
dral and octahedral sites respectively. The effective field act-
ing on each spin, Bi = −∂H /µi∂Si + ζ i, is calculated from
the derivative of the atomistic Hamiltonian with respect to the
spin Si plus a stochastic magnetic field, ζ i, which represents
the thermal fluctuations of the spin system [18]. Although the
damping constant has been predicted to have small values for
magnetite [24], we chose critical damping λ = 1 in this work
in order to describe the influence of the APB on the quasi-
equilibrium magnetic properties of magnetite. Therefore, we
focus on the final magnetization state of our simulations but
not on its dynamics. By increasing the damping constant we
therefore decrease the computational time to reach equilib-
rium. The simulations are performed using the open source
vampire software package [18].
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Table 2. Characterization of the exchange interactions appearing across the APB with their
corresponding distances between Fe atoms, the bond angle formed with the oxygen atoms and
the number of them per unit cell across the interface. Sub-index a points the values taken from
literature [8].











Table 3. Extreme parameterization cases for the exchange





2 0.0 −5.86 × 10−21 J
3 5.07 × 10−21 J 0.0
4 5.07 × 10−21 J −5.86 × 10−21 J
3. Results
3.1. APB free magnetite system
In order to study the properties of APBs in magnetite, we
first create a rectangular stripe, free of defects, with length
L = 118 nm and a square cross section of S ≈ 1 nm2. In this
geometry, the x (elongated one), y and z directions correspond
to the (110), (001) and (110) crystal orientations respectively.
For this system, we consider periodic boundary conditions
(PBCs) in the y and z directions and anti-PBCs (a-PBCs) in the
x one. To consider a-PBC is the same as considering ordinary
PBC but changing the sign of all the exchange interactions in
order to have an anti-parallel alignment between both sides of
the system. The latter retains the bulk properties in our sys-
tem at elevated temperatures, like the exchange stiffness (A)
value while forcing our magnetite stripe to have two magnetic
domains and therefore to have a domain wall whose width can
be determined.
In this geometry, free of APB defects, a domainwall at tem-
perature T = 0 K is fully contained because the macroscopic
anisotropy energy and the exchange stiffness, corresponding to
our atomistic parameters, are K = 1.36× 105 J m−3 and A =
1.75× 10−11 J m−1 respectively with a domain wall width of
δDW = π
√
A/K = 35.63 nm. It should be pointed out that,
although the atomistic exchange parameters have been fitted
to reproduce realistic magnetic properties of magnetite (TN),
the anisotropy energy value has been chosen to be large with
the aim of reducing the system size needed in our simula-
tions. Indeed, it is one order of magnitude higher than the one
reported in the literature [25]. Therefore, the free domain wall
width calculated here should be smaller than the real one [19].
To generate equilibrated domain wall profiles we initialise
half of the net ferrimagneticmagnetization along the+x direc-
tion and the other half along −x direction, forming a com-
plete 180◦ domain wall with zero width. We then let the
system evolve for 1 ns, which allows enough time to form an
equilibrium domain wall whose centre is placed in the mid-
dle of the system. Analytically the equivalence between the
macroscopic anisotropy (K) and the atomistic one (kui ) has
been obtained by considering the magnetic atomic volume as
Vmag,at = a
3/Nmag,at = 0.0242 nm3, where a = 0.834 nm is
the lattice parameter for magnetite, a3 is the volume of the
unit cell andNmag,at = 24 is the number of magnetic atoms per
unit cell. To calculate the exchange stiffness value (A) fromour
atomistic parameterswe have extended the description done by
Aharoni [26] for a ferromagnet to a ferrimagnet. To do this, we
have considered small variations around 180◦, instead of 0◦,
when the exchange interaction corresponds to spins belonging
to different sublattices because they are strongly antiferromag-
netically coupled. The equation we obtained is similar to the






















where V is volume of the system, i and j run over all atoms,
v = x, y, z are vector coordinates, Ji j are the exchange
interactions, rνi is the ν component of the position
of the atom i, id(i) and id( j) are the sublattices to
which the atoms i and j correspond respectively. Its
calculated value, apart from being isotropic, is in
good agreement with values found in literature [28],
giving confidence in the micromagnetic exchange parameteri-
zation. Specifically, we obtained A(0) = 1.75× 10−11 A m−1,
while the reported value is A(300) ≈ 1.2× 10−11 A m−1.
The number in the brackets indicates the temperature in
Kelvins to which they correspond. Note that by increasing the
temperature the exchange stiffness decreases [27, 28].
In figure 1 we show the simulated sublattice resolved
domain wall together with the analytical profile, mz =
tanh((x− x0)π/δDW), showing a perfect match between both
analytical and numerical results.
3.2. Anti-phase boundary structure and properties
The atomic structure of the APBs has been extensively
discussed in the literature, e.g. in bulk crystal magnetite
[6], magnetite nanoparticles [7] and in Fe3O4 films grown
on symmetry matched crystals [29]. Atomic resolution lat-
tice imaging and first principle total energy calculations has
4
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Figure 3. Sublattice resolved domain wall in a magnetite stripe with an APB defect in the middle, using different parameterizations of the
exchange interactions across the APB. Red triangles and blue circles represent the z component of the magnetization for the tetrahedral and
the octahedral sublattices respectively. The pink line represents the position of the APB. Figures (a)–(d) correspond to cases 1–4
respectively (see table 3).
clearly shown that atomic arrangement produced by geomet-
rical shifts of 1/4[110] creates boundaries that have the low-
est energy of formation compared to additional types of the
APBs reported in the literature [30].We have also recently con-
firmed that 1/4[110] APB is also dominant when magnetite is
grown on Al2O3 substrate (see supplementary material figure
S1 (https://stacks.iop.org/CM/33/175802/mmedia)). It is inter-
esting to note that even a high temperature annealing that
drastically removes the density of the APBs in the thin mag-
netite films, still cannot fully remove the low energy 1/4[110]
type boundaries [31], which is consistent with the work of
McKenna et al [6]. Due to these reasons the type of the APB
defects considered is this work is of 1/4[110] type. In partic-
ular we introduce an APB defect in our cell geometry as fol-
lows: we divide the cell system in two halves in the x direction
and displace one them a0
√
2/4 along the z-axis [110], shown
schematically in figure 2 in comparison with the magnetite
stripe without the APB defect.
This shift changes the atomic distances as well as the angles
formed Fe–O–Fe bonds across the APB interface. Conse-
quently, the number of bulk exchange interactions in the APB
is reduced. Additionally, new exchange interactions are cre-
ated with different distances between iron atoms and bond
angleswith the oxygen one [8]. In figure 2, these new exchange
interactions are schematically represented with arrows and
their distances, bond angles and the number of them per unit
cell are presented together with the corresponding bulk values
in table 2.
The distances, bond angles and number of interactions we
found across the APB match with the previously described in
[8] (APB type 3), in which the closest interaction, JAPBFeA−O−FeB ,
is proposed to be the main interaction responsible for the
anomalous magnetic behavior in magnetite thin films. Never-
theless, in this work, for completeness, we also consider the
effect of the second nearest neighbor JAPBFeB−O−FeB to explain the
atypical magnetic properties.
Since it is not possible to fit the value of the APB exchange
interactions to reproduce any experimental result as we did
for the bulk, they are considered as free parameters. How-
ever, some considerations can be taken into account in order
to restrict their value range. On the one hand, the distance
between Fe atoms in JAPBFeA−O−FeB is small enough to consider
that this exchange interaction might be direct, not mediated
by any oxygen atoms. The distance between iron atoms is
shorter than the one corresponding to the first nearest neigh-
bors (1 nn) in bulk iron. Thus, we could expect JAPBFeA−O−FeB to
be positive and relatively large. The maximum value we con-
sider is displayed in table 3 and is very similar to the 1 nn
exchange interaction reported in [32]. On the other hand, the
distance between Fe atoms for JAPBFeB−O−FeB is big enough to con-
sider that the contribution from direct exchangemust be small,
however, as the angle they form with the oxygen atom 180◦,
we expect this interaction to be antiferromagnetic and strong
[30, 33]. However, as we do not know any reported value for
this interaction,we range JAPBFeB−O−FeB from0 to very high values
reported for other exchange interactions.
For both APB exchange interactions taken into account,
we consider a wide range of possible values, ranging from
0 to JAPBFeA−O−FeB = 5.07× 10
−21 J and JAPBFeB−O−FeB = −5.86×
10−21 J respectively. For each parameterization, we simulate
a domain wall at temperature T = 0 K in order to determine
the APB influence on the domain wall profile. In figure 3,
we show the simulated domain walls for the four extreme
parameterization cases, which are described in table 3.
From figure 3 we observe how the domain wall profile is
clearly modified by the presence of an APB defect. For the
case of neglecting the new exchange interactions (case 1) the
tanh(x) profile is notmodified.However, as the exchange inter-
actions across the APB increase, mz starts to be a discontin-
uous function of the distance due to the dominance of the
antiferromagnetic APB interactions. It is observed, compar-
ing the cases of considering only one of the new exchange
interactions and neglecting the other one (cases 2 and 3),
5
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that the effect produced by JAPBFeB−O−FeB is stronger than the
one produced by JAPBFeA−O−FeB , in contrast with what was sug-
gested in [8]. This is due to the number of JAPBFeB−O−FeB bonds
compared to the number of JbulkFeB−O−FeB exchange interactions
across the interface is the same (see table 2), therefore, the
antiferromagnetic exchange dominates rather than the bulk fer-
romagnetic exchange, once its value is larger. Thus, as the
value for JbulkFeB−O−FeB is small (see table 1), we can consider
that values for JAPBFeB−O−FeB larger than J
bulk
FeB−O−FeB are feasi-
ble. For the case of JAPBFeA−O−FeB , the number of interactions is
four times lower than for JbulkFeA−O−FeB . The bulk antiferromag-
netic exchange between sublattices in magnetite is particularly
strong and so a value for JAPBFeA−O−FeB which is four times larger
than JbulkFeA−O−FeB will be excessively large and unrealistic.
3.3. Saturation of anti-phase boundary defects
Using the domain wall spin configurations obtained for each
APB parameterization as an initial state, we restart our simu-
lations in order to investigate how the APB exchange interac-
tions could influence the anomalous saturation magnetic field
for magnetite thin films. With this aim, the a-PBC on the x
edges are removed to let the system saturate under the influ-
ence of amagnetic fieldB. Themagnetization state after apply-
ing a magnetic field of 1 T, during 1 ns, in the z direction,
indicates that the applied magnetic field is not able to sat-
urate the magnetization where the APB defect is placed if
JAPBFeB−O−FeB is considered. At the APB, the magnetization
reduction observed for the parameterization case 4 is 20% for
the FeA and 40% for the FeB sublattices. Note that this field
strength is larger than the anisotropy field (µ0HK ≈ 0.5 T).
To confirm this result is not an artefact arising from using the
domainwall as an initial configuration,we create the same sys-
tem but considering seven uniformly distributed APB defects
and, as an initial condition, a random spin configuration. In
figure 4, we show the final magnetic state after applying the
same magnetic field strength applied for 1 ns. The results con-
firm that the magnetization cannot be saturated at the APBs
if only JAPBFeB−O−FeB is considered. However, by comparing the
cases 2 and 4, we can assert that the JAPBFeA−O−FeB presence
increases this effect. Moreover, the magnetization barely sat-
urates in between two APB due to the short distance between
them, suggesting that the number density of defects as a cru-
cial parameter responsible for the magnetization reduction at
high magnetic fields.
As the new exchange interactions appearing across theAPB
are responsible for the non-saturating regions, the magnetic
field needed to saturate the sample is likely to be very high,
as reported experimentally [8]. Note that the exchange contri-
bution for the effective field acting on equation (2) usually is
a tens of tesla in terms of order of magnitude and so likely to
dominate the magnetic coupling at the APB interface. To con-
firm this fact, we have increased the magnetic field in steps
of 0.5 T, calculating the mean equilibrium sublattice resolved
magnetization for each case, until a maximum of 7 T, which is
the experimental value addressed in [8]. Results are displayed
in figure 5, showing that even for the highest magnetic field
Figure 4. Sublattice resolved magnetization state in a magnetite
stripe with seven APB defects (pink lines) when a magnetic field is
applied in the z direction. Red triangles and blue circles correspond
to tetrahedral and octahedral sublattices respectively. Figures (a)–(c)
correspond to the cases 2–4 respectively (see table 3).
the magnetization is not saturated. We would like also to note
that our current work on the films of Fe3O4 on Al2O3 shows
that strong B–O–B interactions cannot be reversed to bulk like
interactions even in the field up to 12 T, as observed by the non-
saturated negative magnetoresistance in the thin films (figure
S2).
These results indicate that the main interactions responsible
of the anomalous saturation field are the JAPBFeB−O−FeB interac-
tions but the JAPBFeA−O−FeB energy increases this effect. It should
be noted that the real density of APBs on magnetite thin films
usually is greater than the one we are considering [6], thus,
the effect of the notch observed, as well as the non saturating
region between APBs, will be more pronounced in the total
magnetization measurements.
6
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Figure 5. Partial hysteresis loop of a magnetite stripe with seven
APB defects for the different parameterization cases displayed in
table 3. Points and lines represent the spatial average magnetization
for the octahedral and tetrahedral sublattices respectively.
3.4. Temperature dependence of anti-phase boundary
defects
To investigate why the number of magnetic domains observed
in magnetite thin films is proportional to the volume fraction of
APBs in the sample [11], we enable thermal fluctuations in our
calculations to determine the stability of a multi-domain state.
Specifically, we consider two different temperatures, T = 1 K
and room temperature T = 300 K. The former temperature is
considered because it has a weak contribution to the effec-
tive field in equation (2), allowing us to understand the role
that each of the new exchange interactions is playing on the
domain stability. For this case, we work with the same geom-
etry as before with a single APB defect. For the T = 300 K
case, we consider a wider system because, for higher temper-
atures, a bigger spatial average is required to obtain a smooth
magnetization profile. Explicitly, the new cross sectional area
under consideration is S ≈ 36 nm2 but the length is kept same
as before. Both systems present a single APB defect placed in
the middle of the system.
For both cases, the initial condition set up for the mag-
netization consists of two magnetic domains separated by
the APB, aligned antiparallel and pointing in the anisotropy
direction. The main difference with previous domain wall cal-
culations, apart from including temperature, is done by remov-
ing the a-PBC conditions. Thus, the two introduced magnetic
domains are not forced to remain in the system and one of them
will be erased by the effect of thermal fluctuations if the APB
does not prevent it. We let the system to evolve for 50 ns, which
is sufficient time for the domain wall to escape from the sys-
tem. The final magnetic configurations for the extrema of the
parameterization cases (table 3) are displayed in figure 6.
From figure 6 we observe that in the absence of APB
exchange interactions (case 1), the thermal fluctuations at both
temperatures are sufficient to remove the two-domain state
previously introduced. However, as larger exchange interac-
tions are included, the domain wall starts to get pinned and
a multidomain state is stable for small thermal fluctuations
(T = 1 K). In contrast with the previous results at T = 0 K,
a domain wall under the effect of thermal fluctuations is also
stable if we neglect JAPBFeB−O−FeB but consider J
APB
FeA−O−FeB . This
Figure 6. The sublattice resolved magnetization state after 50 ns
simulation of a domain wall under the effect of a thermal field in the
presence of an APB defect for two different temperatures. T = 1 K
and T = 300 K figures are presented above and below respectively.
Red triangles and blue circles represent the z component of the
magnetization for the tetrahedral and the octahedral sublattices
respectively. The pink line represent the position of the APB.
Figures (a)–(d) correspond to cases 1–4 respectively (see table 3).
effect is also presented for higher temperatures (T = 300 K),
however, as the thermal fluctuations become stronger, higher
values for the APB exchange interactions are required to pin
the domainwall at the APB. In fact, only for the cases in which
both exchange interactions are considered and their values are
high does the domain wall remain in the system after 50 ns. It
might be possible that, even for parameterization case 4, the
two domain state is removed if considering longer simulation.
Nevertheless, results for both temperatures have shown than
when increasing the value of the exchange interactions the sta-
bility of the two domain state increases too. Hence, to stabilize
a two domain state for 300 K requires higher exchange inter-
actions, which can be still considered realistic. Therefore, we
can confirm APBs as source of magnetic domains, with mag-
netic domainwalls pinned at APBs, only due to the presence of
new exchange interactions across it. A higher density of APB
defects is also likely to increase the thermal stability of the
multidomain state.
4. Conclusions
In this work we have modeled a magnetite system with and
without APB defects using atomistic spin dynamics, focussing
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our analysis on the role that the exchange interactions play
across the APB interface. For the bulk case, we have fitted
the first nearest neighbours exchange interactions in order to
properly reproduce the experimental Curie temperature. Addi-
tionally, we obtain numerically and theoretically an exchange
stiffness value which is in good agreement with the values
previously published. After introducing an APB defect in the
system by displacing half of the system in the (110) direction,
we find that the number of new exchange interactions in the
APB and their corresponding distances and angles match with
those previously reported in [8].
For this defect, we consider a wide range of possible values
for the new exchange interactions JAPBFeA−O−FeB and J
APB
FeB−O−FeB ,
nevertheless, with the aim of describing qualitatively their cor-
responding effect on the magnetization, we focus the results
of this work on four extreme parametrization cases described
in table 3. We show that, although the JAPBFeA−O−FeB interac-
tions were suggested to be the main ones responsible for the
anomalous magnetic behavior in magnetite thin films, it is
likely not to be the case. Both the anomalous saturation field
and the high density of magnetic domains could be explained
in terms of JAPBFeB−O−FeB as it was previously done in [7] for
magnetite nanoparticles. This is due to the fact that the num-
ber of JAPBFeB−O−FeB bonds across the interface is the same as
the JBulkFeB−O−FeB , while the number of J
APB
FeA−O−FeB is lower than
JBulkFeA−O−FeB .
On the one hand we show that, for the case of the satu-
ration field, locally the magnetization cannot be saturated in
the APB if JAPBFeB−O−FeB is considered. This effect comes up
due to the antiferromagnetic exchange of JAPBFeB−O−FeB and it
could be increased by considering a ferromagnetic exchange
in JAPBFeA−O−FeB . On the other hand, both exchange interactions
produce pinning effects on the domain walls, demonstrating
that a multidomain state is stable under the effect of ther-
mal fluctuations due to the presence of APBs on the system.
Because of when taking into account the new exchange inter-
actions arising from the APB defect we reproduce the high
saturation field as well as the stability of the magnetic domains
observed in magnetite thin films, we confirm them as the
responsible for the anomalous magnetic properties observed
experimentally.
Acknowledgments
The financial support of the Engineering and Physical Sciences
Research Council (Grant No. EPSRC EP/P022006/1) is grate-
fully acknowledged.We gratefully acknowledge the provision
of computer time made available on the viking cluster, a high
performance compute facility provided by the University of
York.
Data availability statement
All data that support the findings of this study are included
within the article (and any supplementary files).
ORCID iDs
Roberto Moreno https://orcid.org/0000-0002-9799-4210
Richard F L Evans https://orcid.org/0000-0002-2378-8203
References
[1] Nedelkoski Z, Sanchez A M, Ghasemi A, Hamaya K,
Evans R F L, Bell G R, Hirohata A, Lazarov V K and
Lazarov V K 2016 The antiphase boundary in half-metallic
Heusler alloy CO2Fe(Al, Si): atomic structure, spin polariza-
tion reversal, and domain wall effects Appl. Phys. Lett. 109
222405
[2] Zijlstra H and Haanstra H B 1966 Evidence by Lorentz
microscopy for magnetically active stacking faults in MnAl
alloy J. Appl. Phys. 37 2853–6
[3] Cho N H, De Cooman B C, Carter C B, Fletcher R and Wagner
D K 1985 Antiphase boundaries in GaAs Appl. Phys. Lett. 47
879–81
[4] Margulies D T, Parker F T, Spada F E, Goldman R S, Li J,
Sinclair R and Berkowitz A E 1996 Anomalous moment and
anisotropy behavior in Fe3O4 films Phys. Rev. B 53 9175–87
[5] Gilks D, Lari L, Matsuzaki K, Evans R, McKenna K, Susaki
T and Lazarov V K 2014 A STEM study of twin defects in
Fe3O4(111)/YZO(111) J. Phys.: Conf. Ser. 522 012036
[6] McKenna K P, Hofer F, Gilks D, Lazarov V K, Chen C, Wang
Z and Ikuhara Y 2014 Atomic-scale structure and properties
of highly stable antiphase boundary defects in Fe3O4 Nat.
Commun. 5 5740
[7] Nedelkoski Z et al 2017 Origin of reduced magnetization and
domain formation in small magnetite nanoparticles Sci. Rep.
7 45997
[8] Margulies D T, Parker F T, Rudee M L, Spada F E, Chapman
J N, Aitchison P R and Berkowitz A E 1997 Origin of the
anomalous magnetic behavior in single crystal Fe3O4 films
Phys. Rev. Lett. 79 5162–5
[9] van der Heijden P A A, van Opstal M G, Swüste C H W, Bloe-
men P H J, Gaines J M and de Jonge W J M 1998 A ferro-
magnetic resonance study on ultra-thin Fe3O4 layers grown
on (001) MgO J. Magn. Magn. Mater. 182 71–80
[10] Prieto P, de la Figuera J, Martín-García L, Prieto J E and Marco
J F 2016 Fourfold in-plane magnetic anisotropy of magnetite
thin films grown on TiN buffered Si(001) by ion-assisted
sputtering J. Mater. Chem. C 4 7632–9
[11] Ruiz-Gmez S et al 2018 Geometrically defined spin structures in
ultrathin Fe3O4 with bulk like magnetic propertiesNanoscale
10 5566–73
[12] Kumar A et al 2018 Effect of in situ electric-field-assisted
growth on antiphase boundaries in epitaxial Fe3O4 thin films
on MgO Phys. Rev. Mater. 2 054407
[13] Nieves P, Arapan S, Schrefl T and Cuesta-Lopez S 2017 Atom-
istic spin dynamics simulations of the MnAl τ -phase and its
antiphase boundary Phys. Rev. B 96 224411
[14] Zhang Z and Satpathy S 1991 Electron states, magnetism, and
the Verwey transition in magnetite Phys. Rev. B 44 13319–31
[15] Yanase A and Siratori K 1984 Band structure in the high
temperature phase of Fe3O4 J. Phys. Soc. Japan 53 312–7
[16] Samara G A and Giardini A A 1969 Effect of pressure on the
Néel temperature of magnetite Phys. Rev. 186 577–80
[17] Bernal-Villamil I and Gallego S 2015 Electronic phase transi-
tions in ultrathin magnetite films J. Phys.: Condens. Matter.
27 293202
[18] Evans R F L, Fan W J, Chureemart P, Ostler T A, Ellis
M O A and Chantrell R W 2014 Atomistic spin model
8
J. Phys.: Condens. Matter 33 (2021) 175802 R Moreno et al
simulations of magnetic nanomaterials J. Phys.: Condens.
Matter. 26 103202
[19] Janutka A and Gawronski P 2014 Domain walls in nanostripes
of cubic-anisotropy ferromagnetic materials IEEE Trans.
Magn. 50 1–4
[20] Néel M L 1948 Propriétés magnétiques des ferrites;
ferrimagnétisme et antiferromagnétisme Ann. Phys. 12
137–98
[21] De Grave E, Persoons R M, Vandenberghe R E and de Bakker
P M A 1993 Mössbauer study of the high-temperature phase
of co-substituted magnetites, CoxFe3−xO4. I. x  0.04 Phys.
Rev. B 47 5881–93
[22] Uhl M and Siberchicot B 1995 A first-principles study of
exchange integrals in magnetite J. Phys.: Condens. Matter.
7 4227–37
[23] Ellis M O A, Evans R F L, Ostler T A, Barker J, Atxitia U,
Chubykalo-Fesenko O and Chantrell R W 2015 The Lan-
dau–Lifshitz equation in atomistic models Low Temp. Phys.
41 705–12
[24] Lu X et al 2019 Enhancement of intrinsic magnetic damping in
defect-free epitaxial Fe3O4 thin films Appl. Phys. Lett. 114
192406
[25] Aragón R 1992 Cubic magnetic anisotropy of nonstoichiometric
magnetite Phys. Rev. B 46 5334–8
[26] Aharoni A 1996 Introduction to the Theory of Ferromagnetism
(Oxford: Oxford University Press)
[27] Moreno R, Evans R F L, Khmelevskyi S, Muñoz M C,
Chantrell RW and Chubykalo-Fesenko O 2016 Temperature-
dependent exchange stiffness and domain wall width in Co
Phys. Rev. B 94 104433
[28] Heider F and Williams W 1988 Note on temperature depen-
dence of exchange constant in magnetite Geophys. Res. Lett.
15 184–7
[29] Gilks D, Lari L, Naughton J, Cespedes O, Cai Z, Gerber A,
Thompson S M, Ziemer K and Lazarov V K 2013 Origin of
anomalous magnetite properties in crystallographic matched
heterostructures: Fe3O4(111)/MgAl2O4(111) J. Phys.: Con-
dens. Matter. 25 485004
[30] Celotto S, Eerenstein W and Hibma T 2003 Characterization of
anti-phase boundaries in epitaxial magnetite films Eur. Phys.
J B 36 271–9
[31] Matsuzaki K, Lazarov V K, Lari L, Hosono H and Susaki
T 2012 Fe3O4(111) thin films with bulk-like properties:
growth and atomic characterization J. Phys. D: Appl. Phys. 46
022001
[32] PajdaM, Kudrnovský J, Turek I, Drchal V and Bruno P 2001 Ab
initio calculations of exchange interactions, spin-wave stiff-
ness constants, and curie temperatures of Fe, Co, andNiPhys.
Rev. B 64 174402
[33] Sawatzky G A, Geertsma W and Haas C 1976 Magnetic inter-
actions and covalency effects in mainly ionic compounds J.
Magn. Magn. Mater. 3 37–45
9
